
NASA Technical Memorandum 106487

/y wry
i ¢ ....... :=_

Interface Shape and Convection During
Solidification and Melting
of Succinonitrile

Henry C. de Groh Ill
Lewis Research Center

Cleveland, Ohio

and

Tiffany Lindstrom
University of Arizona

Tucson, Arizona - -

June 1994

(NASA-TM-106487) INTERFACE SHAPE

AND CONVECTION DURING

SOLIDIFICATION AND MELTING OF

SUCCINONITRILE (NASA. Lewis

Research Center) 24 p

GSlS4

N94-35248

Unclas

0012660

,-,i

..... -Sf - " "/

National Aeronautics and
Space Administration





Interface Shape and Convection During Solidification
and Melting of Succinonitrile

Henry C. de Groh HI

National Aeronautics and Space Administration

Lewis Research Center

Cleveland, Ohio 44135

Tiffany Lindstrom

University of Arizona

Department of Materials Science and Engineering

Tucson, Arizona 85721

ABSTRACT

An experimental study was conducted of the crystal growth of succinonitrile during solidification,

melting and no-growth conditions using a horizontal Bridgrnan furnace and square glass ampoule.

For use as input boundary conditions to numerical codes, thermal profiles on the outside of the

ampoule at five locations around its periphery were measured along the ampoule's length. Tem-

peratures inside the ampoule were also measured. The shapes of the s/l interface in various two-

dimensional planes were quantitatively determined. Though interfaces were nondendrific and

noncellular, they were not flat, but were highly curved and symmetric in only one unique longitu-

dinal y-z plane (at x = 0). The shapes of the interface were dominated by the primary longitudinal

flow cell characteristic of shallow cavity flow in horizontal Bridgrnan; this flow cell was driven

by the imposed furnace temperature gradient and caused a "radial" thermal gradient such that the

upper half of the ampoule was hotter than the bottom half. We believe that due to the strong con-

vection, the release of latent heat does not significantly influence the thermal conditions near the

interface. We hope that the interface shape and thermal data presented in this paper can be used to

optimize crystal growth processes and validate numerical models.

INTRODUCTION

Crystal quality is an important factor in the manufacture of electronic materials, and other prod-

ucts, and is usually characterized by dislocation density and solute segregation. It has been shown

that convection can influence the shape of the solid/liquid (s/l) interface, radial and longitudinal

segregation, and other aspects of the solidification process. 15 However, a quantitative understand-

ing and analysis of the interplay among convection, interface shape, and segregation is still lack-

ing. The objective of this work was to determine quantitatively the shape of a s/1 interface during

solidification, melting, and no growth conditions in a horizontal Bridgman furnace. This informa-

tion will be used to develop and test a numerical code capable of predicting the shape of the inter-

face, convective flow velocity, and solute and temperature profiles.

The two basic forms of segregation which present a significant problem during crystal growth are

end-to-end macrosegregation and radial segregation. Strong convective flows enrich the far field

liquid with solute causing end to end macrosegregation, whereas radial segregation can be caused

by high and low levels of convective flow or curved s/1 growth interfaces. Radial segregation can

be minimized with the use of strong forced convection at the s/l interface (as done in Czochralski

growth), but end-to-end segregation is generally still a problem. This paper deals with the rela-

tionship among convection, interface shape, and imposed temperature profiles. We hope that

developing knowledge of the s/1 interface shape during solidification will help optimize crystal



growth processes and quality.

The horizontal Bridgrnan technique is widely used for research of electronic materials and heat

transfer. 6-s During horizontal Bridgman growth, convective flows have been shown to be strong

and produce "shallow cavity flow." Convection in a vertical orientation is generally reported to be

"axisymmetric flow. ''4 Axisymmetric flow is generally much weaker than the shallow cavity flow

present in the horizontal orientation, but axisymmetric flow is still responsible for poor radial

homogeneity and can also contribute to longitudinal segregation. It has been proposed that the

low-g environment of space be used for crystal growth to drastically reduce levels of convection

and segregation; however, the orientation of residual gravity vectors during space processing are

not always known or controllable. In addition, the relationship among gravity orientation, convec-

tion, and segregation is not well understood. Xu et al. have numerically studied the effects of

gravity orientation in 2-dimensions in a simplified crystal growth arrangement. 9 In order to fur-

ther understand the effects of gravity our ongoing research will examine how different gravity

levels and orientations influence different aspects of Bridgman crystal growth, such as interface

shape, on earth and in space.

Inatomi et al. have studied convective mixing and the rate of directional solidification in succino-

nitrile (SCN).10 The effects of thermal convection on a nongrowing, stationary interface have also

been previously studied. 3'11 Previous experiments showed that bulk motion in the liquid, specifi-

cally thermal convection, deformed the s/1 interface into a complex curved shape .H Good agree-

ment was achieved among these experiments and a 2-dimensional finite element model based on

FIDAP 12and a 3-dimensional finite difference model. In those experiments the furnace remained

stationary 3.11(no-growth). In the experiments presented here, the furnace was moved at a constant

rate to induce solidification (and melting), and the resulting interface shapes and temperature

measurements were compared to those from the no-growth situation.

EXPERIMENTAL PROCEDURE

Experiments were performed in a manner similar to those previously discussed. 3.n A Bridgman

type furnace employing two copper jackets 0.5 cm apart, each with its own constant temperature

bath, was used. The experiments were conducted with the furnace in a horizontal orientation, at

furnace translation rates of 0 pm/s (no growth), 40 I.trn/s (solidifying), and -40 t.tm/s (melting).

The heating and cooling jackets have a 1.1 cm square hole into which the ampoule fits. The boro-

silicate glass ampoules have a 0.8 cm outer square cross section and are 15 cm long with a wall

thickness of approximately 0.1 cm. A schematic of the furnace system is shown in Figure 1.

The ampoules were filled under vacuum with succinonitrile (SCN); the properties of the glass and

SCN are listed in Table 1. The SCN used was purified, 13 thus, eliminating solutal convection. A

microscope and camerawere used to examine the s/l interface. Figure 2 shows the right-hand-rule

coordinate system used; the origin (0,0,0) was defined as the center of the ampoule cross section

and mid-way between the hot and cold zones. The interfaces were analyzed at the mid-center ver-

tical plane of the ampoule (MCP), top-center horizontal plane of the ampoule (TCP) and the top

wall, or top inner surface of the ampoule (TW). In some cases the interface was also quantified

where it contacts the front vertical wall (FW) of the ampoule. The MCP corresponds to the
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(0,y,z,)plane(they-z planeat x = 0). TCP is theinterfaceshapein thex-z planeat y=1.5mm for
theno-growthcase,y = 1.0mmduringsolidification,andy = 2.5mmfor themeltingcase.TW is
the(x,3 ram,z)plane,andFW is in theplane(3,y,z).Theseinterfaceshapeswill bequantitatively
comparedto numericalsimulationsin a laterpaper.

In all experiments,no-growth(SCN4),solidification(SCN8),andmelting(SCN9),theheating
andcoolingjacketsweremaintainedata temperaturedifferenceof 63 °C+_I°Cwith a hot zone
temperatureof 78°(2for no-growthand75°Cduringsolidificationandmelting.Theresulting
temperatureson theoutsidesurfaceof theampouleweremeasuredwith typeK thermocouples

attached to the top, bottom, front, and comers of the ampoule as shown in Figure 2. In the no-

growth case, temperature was also measured along the center of the ampoule (0,0,z) and along

(0,1.54mm, z). Temperature measurements were taken every 1 to 2 mm. The resulting temperature

profiles on the outside of the ampoule at the front wall are shown in Figure 3.

CELL STAND

STEPPER MOTOR t

F TRANSLATION b'IXTURt_

Figure 1. Schematic of the apparatus with microscope above; z = 0 is at the center of

the gap between the cooling and heating jackets.

Table 1. Properties of succinonitrile and borosilicate glass ampoules.13-15

Property SCN-liquid SCN-solid SCN-interface Ampoule

Density, p, kg/m 3

Thermal conductivity, 1_, W/m-K

Heat capacity, Cp, J/kg-K
Thermal expansivity, 9, K-I

Kinematic viscosity, V, m2/s

Melting temperature, T m, K

984.

0.223

2000.

8.1x10 -4

2.6x10 -6

1016 2300.

0.225 1.2

1955 753.5

331.34



__ in extended finger

_rnu_ouples

\
• 8

lClTI

Figure 2. Sketch of the ampoule and thermocouple locations, showing cross section

and side views and the fight-hand-rule coordinate system used.
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Figure 3. Temperature profile along the outside of the ampoule at the front wall during

no-growth, solidification and melting experiments.

Photographs were taken of the interface at what were observed to be steady state conditions. The

system required about 10 minutes to equilibrate and achieve a steady state; only then were photo-

graphs taken. The photographs were then digitized. The shape of the interface and its approximate

location were determined from the photographs and its location adjusted using the temperature/

distance measurements. Since the thermal gradient through the ampoule was found to be nearly
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zero, the interface position could be determined from the location of the surface thermocouple

when it indicated the melting temperature.

Experimental errors make agreement between the numerical codes and experiments quite diffi-

cult. There is an error of approximately _+0.5 mm in the z-axis location of the interface taken from

photographs. There is also an error of a maximum of-+0.5 mm in the location of the thermocouple

beads, which are also used to determine the location of the interface shapes. Although thermocou-

pie accuracy is very high at the low temperatures used in this study, the thermocouple error was

estimated to be +1 °C; due primarily to the presence of the glue used to bond the thermocouple to

the glass. These uncertainties often cause problems with the consistency of the measured thermo-

couple data and interface positions. To minimize the uncertainties, a simple averaging method

was established to make the experiment data more consistent. This method incorporates the infor-

mation from thermocouple data, the side-view (mid-center plane) photographs and the top-view

(top wall) photographs of the interface. Point locations (z-locations) are found using the tempera-

ture data, where T = 58 °C, the melting temperature of SCN. These z-locations are also found by

locating the interface, relative to the center of the gap, in the photograph. In general, when the

data are merged to make them consistent, each data set is moved one half the difference between

them. For example, set "a" is moved towards set "b", and then "b" is moved towards set "a". This

makes for a more consistent set of data points, and a better set of input boundary conditions to

numerical codes. Interface data in the x-z plane are averaged so that those interfaces are symmet-

rical.

RESULTS

The thermal profiles measured along the length of the ampoule for the three cases (no-growth,

solidification, and melting) are given in Appendix Tables A1, A2, and A3; these will be used in a

later paper as input thermal boundary conditions. The temperature measurements made inside the

ampoule (T c and Tui in Table A1) will not be used as boundary conditions but we hope will pro-

vide a valuable comparison to the results of the numerical simulations. The thermal data for the

center of the vertical face of the ampoule (3mm,0,z) are shown in Figure 3.

The interface shapes observed during the experiments are shown in Figures 4 through 10. The

interface shape data are given in Appendix Tables A4 through A13.

No-Growth

The interface at the mid-center plane (MCP) which resulted during the no-growth case, shown in

Figures 5 and 10, was been previously deterrnined. 3'11'16Figures 4 and 5 show the interface shape

in the top-center-plane (x,l.5mm,z) and where the interface meets the top wall and the front wall.

As viewed from the liquid, the solid is concave; the solid and liquid fit together such that the solid

is female and the liquid is male. The solid appears to be convex at the upper portion of the front

wall (3,2.5,0.6); however, this is deceptive because the shape is at the ampoule border and the

corners of the ampoule are rounded (not ideally square). The front wall interface is not similarly

curved at the bottom because the interface along the bottom wall is flat. The flat, linear nature of

the interface at the bottom wall (x,-3,z) during no-growth was discernible during experiments, but

could not be documented quantitatively. The maximum deflection of the MCP interface, described



by the difference between the maximum and minimum z locations of the interface, was 3.5 ram.

The maximum z-axis deflection of the interface in the TCP was 1.3 mm.

The thermal convection in the liquid, driven by the longitudinal temperature gradient, is believed

responsible for the concavity of the solid and its asymmetry, shown in Figure 5. Flow in the liquid

was observed and approximate velocities near the interface in the range of 0.4 to 1.6 mm/s

measured. 11 In the y-z plane a strong recirculating flow cell was observed with a vortex at

approximately (0,1,1.5). Previous (and ongoing) numerical simulations have determined the flow

to be a complex 3-dimensional flow known as "shallow cavity" flow. 4 The flow observed is

soi ....'.....
2.0

• 0.0

-1.0

-2.0. -

-3.0 .... I..... _,\ .........
-3.0 -2.0 -I.0 0.0 1.0

z location, mm
Figure 4. Top view of the interface during the no-growth experiment, top-center-plane

(x,l.5,z) TCP and at the top wall of the ampoule (x,3,z) TW.
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Figure 5. Side view of interface (mid-center-plane (0,y,z) and front wall (3,y,z)) during

no growth experiment.
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consistent with the shallow cavity flow model and can be described as follows for the no-growth

case: in the y-z plane, a single recirculating flow cell brings hot liquid along the top wall, raising

and homogenizing the top wall temperature and ramming hot liquid against the upper portion of

the interface. The liquid turns downward when confronted by the interface, is cooled by the

interface and imposed thermal gradient, and returns along the bottom wall of the ampoule. Our

numerical simulations u'17 indicate that in the x-y plane a four-ceU flow pattern is also present; two

counterrotating cells in the upper portion of the ampoule (y > O) in which the flow moves down

along the vertical walls and up from the center, and two counterrotating cells in the lower portion

(y < O) with liquid moving up along the vertical walls and down in the center. The relative

magnitudes of these flows result in a complex flow structure that varies along the length of the

ampoule. The details of these flows will be dealt with in a later paper.

Solidification

The interface shapes that were observed in various planes during solidification are shown in

Figures 6, 7, and 10. The solidification interface data are given in Appendix Tables A8, A9, and

A10. The n0-growth and solidification interface shapes are similar; however, the shape formed

during solidification was more curved, with the liquid reaching further into the solid. The

maximum z-axis deflection in the MCP was 7.2 mm, compared to 3.5 mm during no-growth.

Maximum z deflection in the TCP (x,l,z) was 3.0 mm, compared to 1.3 during no-growth (x, 1.5,z).

The interface shape at the front wall could not be quantitatively determined for the solidification

and melting cases, thus is not given in Figures 7 and 9.

We believe that the interface shape is dominated by the heat transferred by the convecting liquid

and conduction through the solid, and that the release of latent heat has little influence on the

thermal conditions in the neighborhood of the interface. Warmer liquid from the inner regions of

the hot zone is continually convecting upon the upper half of the solid. As the cool zone moves

toward the liquid, the solid in contact with the ampoule is brought along with it; however, the inner

regions of the solid must conduct the heat through the relatively low conducting SCN. As a result,

a "radial" temperature gradient (larger than in the no-growth case) develops. In a later paper we

will examine, using numerical simulations, the influence of latent heat on the interface shape, as

well as other aspects of solidification.

We believe the flow present during solidification to be shallow cavity flow. Though a quantitative

determination of flow velocities was beyond the scope of the present work, maximum flow

velocities are expected to be similar to those measured previously and in the range of 1 to 2 mm/s. n

Melting

The interface shapes found during melting are shown in Figures 8, 9, and 10. When viewed from

the liquid side, the MCP interface was concave in the upper half of the ampoule (y > 0), and convex

in the lower portion (y < 0). During melting the solid is being moved toward the hot zone and the

solid is encouraged to melt from the outside in towards the center. Thus the interface shape is

encouraged to be convex, and is in the bottom half. However, in the horizontal orientation, heat

transfer due to convection still manages to dominate in the upper half of the MCP interface, causing

it to be concave for positive y. The natural convection causes a large thermal gradient along the



vertical y-axisbecausethelight, warmliquid moves along the top wall, with the cooler, heavyer

liquid returning along the bottom wall Thus the maximum z-deflection of the MCP, 3.7 mm,

remains about the same as compared to the no-growth case. Shallow cavity flow is not expected to

induce significant thermal gradients along the x-axis; however, due to the side walls, the flow

striking the upper center of the interface (0,y > 0,z) is more intense than at the side walls. Thus

there is still a concave z-deflection of the TCP (x,2.5,z) during melting, 0.8 ram, though it is much

less than during no-growth, 1.3 ram, or solidification, 3 ram.

3.0 .... I .... I --' 'I//'',

Solid f//,/'_ / i

2.0 / / Liq'i

• 0.0 1 -

-1.0

;_ _X x
-2.0 \

-3.o .,, J .... _'' -"f'_" '\' '
-7.0 -6.0 -5.0 -4.0 -3.0

z location, mm

Figure 6. Top view of interface during solidification, top-center plane (x,l,z) and at the

top wail of the ampoule (x,3,z).
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Figure 7. Side view of the interface (0,y,z) during Solidification experiment.

8



Figure 10showsthe location and shape of the interfaces in the MCP for the three cases examined.

During no-growth the entire interface can be observed in the 5 mm gap between the hot and cool

zones. When the furnace system is moved toward the hot zone (+ z direction) to induce

solidification, the interface moves partially into the cool zone. When the furnace is reversed, during

melting, solid and the interface are forced into the hot zone. These interface locations were

achieved using approximately the same thermal gradient and furnace set point temperatures. An

important part of the art and science of solidification is the modification of the interface shape

through manipulation of 1) thermal gradient, and 2) at constant gradient, furnace set points. We

hope the numerical codes 11,12,16 will help to quantify and optimize this aspect of crystal growth.

• o.0 I

-1.0 _-/_ -

-z0I \\ Liq.

-3.O I ,_,,, i

10.0 11.0 12.0

z location, mm

Figure 8. Top view of interface during melting, top-center-plane (x,2.5,z) and at the

top wall of the ampoule (x,3,z).
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Figure 9. Side view of interface during melting, mid-center plane, y-z plane at x--O.
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Figure 10. Comparison of side views of interfaces at the mid-center plane for no-

growth, solidification, and melting cases.

SUMMARY AND CONCLUSIONS

The objectives of this work were to determine quantitatively the SCN interface shapes during no-

growth, solidification, and melting conditions and to measure reliably the thermal conditions which

resulted in these interfaces. This was done with results being presented in Figures 3 through 10 and

Tables A1 through A13. We believe that the ampoule temperature profiles measured are adequate

for use as input boundary conditions for numerical simulation of the cases examined in this study;

and that the interface shapes and SCN liquid temperature measurements made will provide a

sufficient benchmark test for comparison to numerical results.

In the three cases examined (no-growth, solidification, and melting) the s/1 interface, as viewed

from the liquid, was concave in the upper half of the ampoule; this was due to the convecting flow

which brought relatively warm liquid from the hot zone and rammed it against the upper half of

the interface. This flow of warm liquid moving toward the interface along the top ampoule wall,

with cooler liquid returning along the bottom wall, resulted in a dominating thermal gradient in the

y-direction (with the top hotter) and interface asymmetry as viewed in the y-z plane. During

solidification, as the longitudinal thermal gradient is moved along the ampoule in the +z direction,

the s/l interface in contact with the ampoule was moved along with it; however, the inner regions

of the solid must conduct the heat through the relatively low conducting SCN, causing the solid

near the ampoule center to lag behind the outer edges. Thermal gradients in the x-y plane and

concavity in the upper region of the interface were largest during solidification and smallest during

melting. Due to the input of heat during melting, and the weaker and cooler flow in the lower half

of the ampoule, the interface was convex in the lower region (y < 0) during melting. We believe

that the heat transferred by the convecting liquid and conduction through the solid dominates the

interface shape, and that the release of latent heat has little influence on the thermal conditions in

the neighborhood of the interface. The influence of latent heat will be examined numerically in a

later paper.

In the three cases examined the interfaces formed at distinctly different longitudinal locations

ranging from about z = -7 mm during solidification to z = 14 mm during melting (with a gap, or

adiabatic zone length of 5 mm, with z = 0 at the center of the gap). The shapes and locations of

these interfaces may help with the development and validation of numerical codes. The

relationship between interface shape and interface location in the adiabatic region is an important

part of the art and science of Bridgman crystal growth. It is hoped that through numerical

10



simulationstheinterfaceshapecanbeoptimizedthroughmanipulationof thethermalgradientand
interfacelocationin theadiabaticzone, both of which are controlled primarily by hot and cold zone

set points.
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TableA1 Temperaturedatafor no-growthcondition(SCN4).Temperaturesof theoutsidesurface
of theampouleatvariousx-y locationsandalongthez-axis:Z, arez locationsof temperaturemea-
surements(ram),T aretemperaturesin °C. Subscriptsrefer to: t for thetop wall, (0,3,z);b for the
ampoulebottom,(0,-3,z);c for center,(0,0,z);tc for topcomer,(+_.3,3,z);bc, bottomcomer(+_3,-
3,z); r for rear (+_3,0,z);ui for upperinner(0,1.54,z).

zt Vt 7-t, Tb Z_ rc _ rtc Zb_ Z_ Zr Wr _ W_
27.0 73.7 27.1 70.0 27.4 71.2 41.4 74.841.8 73.6 44.7 74.4 44.5 74.6
25.0 73.5 25.1 69.525.4 70.8 37.4 74.637.8 72.9 40.7 73.9 40.5 74.4
23.0 73.3 23.1 69.0 23.4 70.4 33.4 74.233.8 72.2 36.773.4 36.5 74.1
21.0 73.0 21.1 68.5 21.4 69.9 29.4 73.929.8 71.5 32.773.0 32.5 73.8
19.072.8 19.1 67.9 19.4 69.5 27.4 73.727.8 71.1 28.7 72.3 28.5 73.4
17.072.7 17.167.4 17.4 69.1 25.4 73.425.8 70.6 26.7 71.9 26.5 73.1
16.072.5 16.167.0 16.4 68.8 23.4 73.223.8 70.1 24.7 71.6 24.5 72.8
15.072.4 15.166.7 15.4 68.6 21.4 72.921.8 69.6 22.7 71.2 22.5 72.6
14.072.2 14.166.3 14.4 68.3 19.472.6 19.869.1 20.7 70.8 20.5 72.3
13.072.1 13.166.0 13.4 68.1 18.472.4 18.868.8 19.770.5 19.572.0
12.071.8 12.165.7 12.4 67.8 17.472.3 17.868.6 18.770.3 18.571.9
11.071.7 11.165.3 11.4 67.6 16.472.1 16.868.3 17.770.1 17.571.7
10.071.4 10.164.9 10.4 67.3 15.471.9 15.867.9 16.769.8 16.571.5
9.0 71.3 9.1 64.4 9.4 67.0 14.471.8 14.867.7 15.769.5 15.571.2
8.0 70.9 8.1 63.8 8.4 66.7 13.471.4 13.8 67.4 14.769.3 14.571.2
7.0 70.7 7.1 63.4 7.4 66.5 12.471.2 12.8 67.0 13.769.2 13.571.1
6.0 70.2 6.1 62.6 6.4 66.2 11.471.1 11.8 66.8 12.769.0 12.571.0
5.0 69.8 5.1 61.8 5.4 66.0 10.471.0 10.8 66.4 11.768.8 11.570.9
4.0 68.9 4.1 60.8 4.4 65.7 9.4 70.8 9.8 66.1 10.768.4 10.570.6
3.0 68.1 3.1 59.6 3.4 65.5 8.4 70.7 8.8 65.8 9.7 68.2 9.5 70.5
2.0 66.5 2.1 57.9 2.4 65.4 7.4 70.3 7.8 65.2 8.7 67.9 8.5 70.2
1.0 64.0 1.1 55.0 1.4 65.4 6.4 70.0 6.8 64.7 7.7 67.6 7.5 70.1
0.0 61.0 0.1 52.1 0.4 64.6 5.4 69.5 5.8 64.0 6.7 67.1 6.5 69.8
-0.6 59.8-0.5 51.5-0.2 63.9 4.4 69.0 4.8 63.3 5.7 66.8 5.5 69.7
-1.0 57.6-0.9 50.3-0.6 61.2 3.4 68.1 3.8 62.1 4.7 66.2 4.5 69.4
-2.0 52.6-1.9 47.0-1.6 56.1 2.4 67.1 2.8 60.9 3.7 65.6 3.5 69.2
-3.0 47.7-2.9 43.9-2.6 50.3 1.4 65.3 1.8 59.0 2.7 64.0 2.5 68.6
-4.0 43.4-3.9 41.1-3.6 45.7 0.4 63.5 0.8 57.1 1.7 62.6 1.5 68.3
-5.0 39.8 -4.9 38.3 -4.6 41.7 0.1 62.2 0.5 55.8 0.7 60.3 0.5 67.8
-6.0 37.2-5.9 36.3-5.6 38.9 -0.6 59.0-0.2 53.1 0.3 59.4 0.1 67.6
-7.0 33.5-6.9 33.3 -6.6 35.2-1.6 56.1 -1.2 50.8 -0.3 58.0-0.5 67.5
-8.0 31.8-7.9 31.8-7.6 33.4-2.6 50.8-2.2 47.0 -1.3 53.3-1.5 62.5
-9.0 29.3-8.9 29.5 '8.6 30.7-3.6 47.2-3.2 44.3 -2.3 49.8-2.5 54.3
-10.0 27.9 -9.9 28.2 -9.6 29.2 -4.6 41.8-4.2 40.3 -3.3 45.1 -3.5 46.3
-11.0 26.0-10.926.4-10.627.2 -5.6 38.8 -5.2 37.8 -4.3 41.1 -4.5 41.1
-12.0 24.9-11.925.3-11.626.0-6.6 34.9-6.2 34.5-5.3 38.6-5.5 38.3
-13.0 23.5-12.923.8-12.624.4 -7.6 31.8 -7.2 31.7 -6.3 35.3 -6.5 34.8
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A 1 continued

-14.0 23.0-13.9 23.3-13.6 23.8

-15.0 21.0-14.9 21.3-14.6 21.8

-16.0 20.9-15.9 21.2-15.6 21.6

-17.0 19.6-16.9 20.0-16.6 20.3

-18.0 19.5-17.9 19.8-17.6 20.1

-19.0 18.2-18.9 18.5-18.6 18.7

-21.0 17.0-20.9 17.2-20.6 17.4

-23.0 16.1-22.9 16.3-22.6 16.5

-25.0 15.5-24.9 15.6-24.6 15.8

-29.0 14.8-28.9 14.9-28.6 15.0

-29.0 14.8-28.9 14.9-28.6

-29.0 14.8-28.9 14.9-28.6

-8.6 30.3 -8.2 30.3 -7.3 33.1 -7.5 32.5

-9.6 27.9 -9.2 28.1 -8.3 30.7 -8.5 30.0

-10.6 26.5-10.2 26.7 -9.3 28.8 -9.5 28.2

-11.6 24.8-11.2 25.0-10.3 26.7-10.5 26.1

-12.6 23.6-12.2 23.9-11.3 25.6-11.5 25.0

-13.6 22.2-13.2 22.4-12.3 23.8-12.5 23.3

-14.6 21.5-14.2 21.8-13.3 23.2-13.5 22.7

-15.6 20.2-15.2 20.4-14.3 21.4-14.5 20.9

-16.6 20.0-16.2 20.2-15.3 21.0-15.5 20.6

-18.6 18.5-18.2 18.6-16.3 19.8-16.5 19.4

15.0-21.6 16.3-21.2 16.4-18.3 18.2-18.5 17.9

15.0-23.6 15.5-23.2 15.6-20.3 16.9-20.5 16.7

Table A2 Temperature data during solidification (SCN8). Temperatures of the outside surface of

the ampoule at various x,y locations and along the z axis: Z, are z locations of temperature mea-
surements in mm, T are temperatures in °C. Subscripts refer to: tc for top comer, (+3,3,z); bc,
bottom comer (+3,-3,z); t for the top wall, (0,3,z); b for the ampoule bottom, (0,-3,z); r for rear

(_,0,z).

Ztc T= Zbc Tbc _

31.4 71.68 31.6 70.09 44.0

29.4 71.60 29.6 69.97 42.0

27.6 71.53 27.8 69.75 40.2

24.7 71.27 24.9 69.12 37.3

21.9 70.88 22.1 68.38 34.5

19.0 70.45 19.2 67.56 31.6

16.4 70.06 16.6 66.84 29.0

15.4 69.87 15.6 66.46 28.0

14.4 69.73 14.6 66.22 27.0

12.6 69.37 12.8 65.59 25.2

11.6 69.20 11.8 65.33 24.2

10.6 68.98 10.8 64.92 23.2

9.7 68.81 9.9 64.63 22.3

8.7 68.57 8.9 64.20 21.3

7.7 68.35 7.9 63.86 20.3

6.7 68.02 6.9 63.24 19.3

5.8 67.75 6.0 62.78 18.4

4.9 67.42 5.1 62.32 17.5

3.6 66.70 .3.8 61.15 16.2

2.6 65.95 2.8 60.31 15.2

1.6 64.75 1.8 58.87 14.2

0.7 63.74 0.9 57.84 13.3

-0.3 62.01-0.08 56.62 12.3

Tt Zb Tb Zr Tr

72.74 43.9 71.70 26.5 69.94

72.71 4!.9 7!.70 24.5 69.82

72.69 40.1 71.56 22.7 69.58

72.64 37.2 71.12 19.8 69.12

72.52 34.4 70.54_17.0 68.40
72.28 31.5 69.85 14.1 67.71

72.04 28.9 69.25 11.5 67.06

71.94 27.9 68.96 10.5 66.77

71.87 26.9 68.76 9.5 66.50

71.65 25.1 68.23 7.7 65.88

71.56 24.1 68.02 6.7 65.59

71.44 23.1 67.73 5.7 65.09

71.34 22.2 67.47 4.8 64.65

71.19 21.2 67.18 3.8 64.03

71.12 20.2 66.94 2.8 63.33

70.98 19.2 66.65 1.8 62.18

70.88 18.3 66.38 0.9 61.22

70.79 17.4 66.14 -0.04 59.88

70.62 16.1 65.76 -1.3 57.87

70.50 15.1 65.42-2.3 55.95

70.35 14.1 65.09 -3.3 53.87

70.23 13.2 64.80 -4.2 52.29

70.11 12.2 64.44 -5.2 50.28
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A2 continued

-1.2 60.72 -1.0 55.57 11.4 69.99 11.3 64.15 -6.1 48.39

-2.1 59.26 -1.9 54.37 10.5 69.85 10.4 63.81 -7.0 46.39

-3.6 56.98-3.4 52.41 9.0 69.63 8.9 63.28-8.5 42.89

-4.3 55.21 -4.1 50.81 8.3 69.43 8.2 62.92-9.2 40.48

-5.5 53.58 -5.3 49.47 7.1 69.29 7.0 62.64 -10.4 38.61

-6.5 51.14 -6.3 47.55 6.1 69.05 6.0 62.11 -11.4 36.37

-7.5 48.54 -7.3 45.95 5.1 68.84 5.0 61.61 -12.4 34.75

-8.4 46.89-8.2 44.30 4.2 68.57 4.1 61.08-13.3 33.15

-9.4 43.71-9.2 41.88 3.2 68.02 3.1 60.24-14.3 31.23

-10.341.59-10.140.21 2.3 67.49 2.2 59.57-15.2 30.00

-11.339.05-11.138.14 1.3 66.60 1.2 58.54-16.2 28.53

-12.436.64-12.236.08 0.2 65.35 0.1 57.55-17.3 27.15

-13.5 34.60 -13.3 34.23 43.9 63.89 -1.0 56.84 -18.4 25.97

-14.4 33.03 -14.2 32.81 -1.8 62.66 -1.9 55.66 -19.3 25.05

-15.5 31.18 -15.3 31.09 -2.9 60.91 -3.0 54.32 -20.4 23.97

-16.5 29.61 -16.3 29.61 -3.9 59.40 -4.0 52.86 -21.4 23.03

-17.6 28.23 -17.4 28.21 -5.0 58.03 -5.1 51.22 -22.5 22.17

-18.6 26.85 -18.4 26.90 -6.0 56.31 -6.1 49.57 -23.5 21.33

-19.7 25.67 -19.5 25.72 -7.1 54.13 -7.2 47.80 -24.6 20.62

-20.5 24.78 -20.3 24.83 -7.9 51.96 -8.0 46.32 -25.4 20.05

-21.6 23.75 -21.4 23.80 -8.9 48.95 -9.0 44.32 -26.4 19.38

-22.5 22.96 -22.3 23.03 -9.9 46.44 -10.0 42.75 -27.4 18.91

-24.4 21.28 -24.2 21.36 -11.8 40.75 -11.9 38.93 -29.3 17.85

-26.4 19.97 -26.2 20.07 -13.8 36.42 -13.9 35.68 -31.3 17.03

-28.5 18.71 -28.3 18.79 -15.9 32.36-16.0 32.36-33.4 16.19

-30.5 17.58-30.3 17.72 -17.9 28.97-18.0 29.49-35.4 15.50

-31.5 17.10-31.3 17.20 -18.9 27.52-19.0 28.16-36.4 15.17

Table A3 Temperature data during melting (SCN9). Temperatures of the outside surface of the

ampoule at various x,y locations and along the z axis: Z, are z locations of temperature measure-
ments in ram, T are temperatures in °C. Subscripts refer to: tc for top comer, (+_3,3,z); bc, bottom

comer (+_3,-3,z); t for the top wall, (0,3,z); b for the ampoule bottom, (0,-3,z); r for rear (+3,0,z).

Ztc Ttc Zbc Tbc Zt Tt Zb

-34.8 13.49-34.7 13.31 -22.2 15.79-22.3

-32.7 12.91 -32.6 12.79 -20.1 15.10-20.2

-30.9 12.57-30.8 12.47 -18.3 14.65-18.4

-28.8 12.29-28.7 12.19 -16.2 14.33-16.3

-26.8 12.05-26.7 12.00 -14.2 14.18-14.3

-25.8 11.97-25.7 11.92 -13.2 14.21 -14.3

-24.7 11.92-24.6 11.85 -12.1 14.30-12.2

-23.7 11.85-23.6 11.77 -11.1 14.48-11.2

-22.8 11.82-22.7 11.75 -10.2 14.68-10.3

Tb Zr Tr

15.35-39.8 13.14

14.75-37.7 12.64

14.38-35.9 12.32

14.06-33.8 12.05

13.98-31.8 11.85

14.01-30.8 11.77

14.11-29.7 11.70

14.28-28.7 11.62

14.50 -27.8 11.60
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A3 continued

-21.7 11.80-21.6 11.70-9.1 15.10-9.2 14.90-26.7 11.55

-20.9 11.75 -20.8 11.72 -8.3 15.57 -8.4 15.32 -25.9 11.52

-19.8 11.75 -19.7 11.72 -7.2 16.29 -7.3 16.04-24.8 11.50

-18.9 11.75-18.8 11.72 -6.3 16.98-6.4 16.73-23.9 11.47

-17.9 11.80-17.8 11.75 -5.3 18.17-5.4 17.92-22.9 11.45

-16.9 11.85-16.8 11.77 -4.3 19.23 -4.4 19.06-21.9 11.47

-16.0 11.92 -15.9 11.87 -3.4 20.91 -3.5 20.89 -21.0 11.47

-15.1 12.02-15.011.95-2.5 22.49-2.6 22.66-20.1 11.50

-14.1 12.17-14.012.07-1.5 24.83-1.6 25.55-19.1 11.50

-13.2 12.32-13.1 12.22 -0.6 27.00 -0.7 28.18-18.2 11.55

-12.2 12.54-12.1 12.44 0.4 29.98 0.3 31.80 -17.2 11.60

-11.212.77-11.1 12.69 1.4 32.56 1.3 34.60 -16.2 11.67

-10.213.14 -10.1 13.06 2.4 36.05 2.3 39.15 -15.2 11.77

-9.3 13.51 -9.2 13.41 3.3 38.78 3.2 42.40-14.3 11.90

-8.3 14.06 -8.2 13.96 4.3 42.03 4.2 45.70 -13.3 12.05

-7.4 14.63 -7.3 14.50 5.2 44.55 5.1 48.02 -12.4 12.22

-6.4 15.45 -6.3 15.35 6.2 47.48 6.1 50.55 -11.4 12.52

-5.5 16.26 -5.4 16.16 7.1 49.69 7.0 52.36 -10.5 12.79

-4.5 17.55 -4.4 17.48 8.1 52.41 8.0 54.39 -9.5 13.21

-3.6 18.79 -3.5 18.66 9.0 54.49 8.9 55.78 -8.6 13.63

-2.6 20.66-2.5 20.66 10.0 57.17 9.9 57.27 -7.6 14.26

-1.7 22.49 -1.6 22.64 10.9 59.47 10.8 58.27 -6.7 14.88

-0.6 25.28 -0.5 25.67 12.0 62.54 11.9 59.38 -5.6 15.87

0.2 27.71 0.3 28.23 12.8 64.44 12.7 60.19 -4.8 16.81

1.3 31.06 1.4 32.04 13.9 66.10 13.8 61.20 -3.7 18.22

2.3 34.65 2.4 35.93 14.9 67.13 14.8 62.06 -2.7 19.97

3.3 38.32 3.4 39.89 15.9 67.83 15.8 62.88 -1.7 22.22

4.2 41.12 4.3 42.75 16.8 68.23 16.7 63.40 -0.8 24.32

5.3 44.30 5.4 45.90 17.9 68.62 17.8 64.01 0.3 27.27

6.1 46.59 6.2 48.15 18.7 68.86 18.6 64.44 1.1 29.83

7.2 49.28 7.3 50.64 19.8 69.10 19.7 64.87 2.2 33.35

8.1 51.26 8.2 52.39 20.7 69.27 20.6 65.18 3.1 36.03

9.1 53.58 9.2 54.39 21.7 69.44 21.6 65.57 4.1 39.42

10.0 55.38 10.1 55.78 22.6 69.58 22.5 65.83 5.0 41.91

11.0 57.65 11.1 57.31 23.6 69.73 23.5 66.17 6.0 45.01

11.9 59.57 12.0 58.37 24.5 69.82 24.4 66.38 6.9 47.26

13.9 63.96 14.0 60.86 26.5 70.06 26.4 66.91 8.9 51.98

15.8 66.24 15.9 62.71 28.4 70.28 28.3 67.34 10.8 55.62

17.6 67.49 17.7 64.10 30.2 70.45 30.1 67.75 12.6 59.06

19.7 68.23 19.8 65.18 32.3 70.67 32.2 68.21 14.7 62.64

21.7 68.76 21.8 65.97 34.3 70.86 34.2 68.64 16.7 64.63

23.8 69.15 23.9 66.58 36.4 71.03 36.3 69.05 18.8 65.73

25.6 69.44 25.7 67.03 38.2 71.17 38.1 69.39 20.6 66.38

27.3 69.68 27.4 67.51 39.7 71.29 39.6 69.68 22.3 66.84
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Table A4 Interface shape for no-growth case, top-center-plane, (x,z) data in mm at y=l.54mm. See

Figure 4.

Z X

-0.857 -2.940
-1.147 -2.710
-1.467 -2.305
-1.625 -2.030
-1.867 -1.490
-2.023 -0.930
-2.111 -0.320
-2.129 -0.112
-2.129 0.112
-2.111 0.320
-2.023 0.930
-1.867 1.490
-1.625 2.030
-1.467 2.305
-1.147 2.710
-.857 2.94

Table A5 Interface shape for no-growth case, top wall, (x,z) data in mm at y=3mm. See Figure 4.

Z X

-0.761 -2.930
-0.914 -2.570
-1.001 -2.380
-1.217 -1.760
-1.291 -1.520
-1.391 -1.073
-1.440 -0.580
-1.452 -0.325
-1.454 -0.216
-1.454 0.216
-1.452 0.325
-1.440 0.580
-1.391 1.073
-1.291 1.520
-1.217 1.760
-1.001 2.380
-0.914 2.570
-0.761 2.930
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TableA6 Interfaceshapefor no-growthcase,mid-center-plane,(y,z) datain mm atx= 0. SeeFig-
ure5.

z y
-1.610 2.922
-1.657 2.873
-1.700 2.755
-1.736 2.612
-1.763 2.506
-1.794 2.360
-1.816 2.229
-1.844 2.067
-1.866 1.886
-1.861 1.715
-1.862 1.518
-1.854 1.319
-1.825 1.082
-1.793 0_850
-1.686 0.552
-1.581 0.300
-1.425 0.045
-1.261 -0.199
-1.051 -0.436
-0.871 -0.634
-0.684 -0.797
-0.510 -0.997
-0.260 -1.226
0.014 -1.478
0.224 -1.673
0.516 -1.944
0.828 -2.213
1.137 -2.483
1.354 -2.643
1.500 -2.790
1.645 -2.905
1.705 -2.945
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Table A7 Interface shape for no-growth case, front wall, (y,z) data in mm at x=3mm. See Figure
5.

Z X

-0.879 2.943
-0.810 2.892
-0.743 2.817
-0.682 2.726
-0.641 2.625
-0.618 2.502
-0.620 2.359
-0.628 2.203
-0.645 2.051
-0.641 1.871
-0.619 1.659
-0.606 1.483
-0.565 1.278
-0.519 1.125
-0.467 0.947
-0.396 0.761
-0.305 0.558
-0.228 0.377
-0.155 0.232
-0.090 0.065
-0.023 -0.079
0.047 -0.221
0.140 -0.385
0.218 -0.536
0.298 -0.698
0.392 -0.902
0.520 -1.135
0.622 -1.273
0.720 -1.410
0.812 -1.564
0.956 -1.769
1.038 -1.920
1.140 -2.082

1.234 -2.237
1.355 -2.415
1.452 -2.541
1.550 -2.688
1.626 -2.804
1.694 -2.920
1.721 -2.945
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TableA8 Interfaceshapeduringsolidification,top-center-plane,(x,z) datain mm at y=l.mm. See
Figure6.

X Z

-2.897 -3.6
-2.88 -3.68
-2.806 -3.92
-2.526 -4.46
-2.277 -4.85
-1.9 -5.36
-1.64 -5.66
-1.314 -6.03
-.891 -6.39
-.598 -6.57
-.305 -6.65
-.11 -6.67
-.02 -6.681
.02 -6.681
.11 -6.67
.305 -6.65
.598 -6.57
.891 -6.39
1.314 -6.03
1.64 -5.66
1.9 -5.36
2.277 -4.85
2.526 -4.46
2.806 -3.92
2.88 -3.68
2.897 -3.6
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TableA9 Interfaceshapeduringsolidification,topwall, (x,z) datainmm aty=3mm.SeeFigure6.

X Z

-2.863 -3.49
-2.826 -3.51
-2.7 -3.62
-2.58 -3.72
-2.217 -4.02
-1.98 -4.21
-1.647 -4.47
-1.21 -4.72
-1.1 -4.77

-.868 -4.85
-.553 -4.93
-.326 -4.96
-.133 -4.97
-.035 -4.97
.035 -4.97
•133 -4.97
.326 -4.96
.553 -4.93
.868 -4.85
1.1 -4.77
1.21 -4.72
1.647 -4.47
1.98 -4.21
2.217 -4.02
2.58 -3.72
2.7 -3.62
2.826 -3.51
2.863 -3.49
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TableA10 Interfaceshapeduringsolidification,mid-center-plane,(y,z) datain mm at x=0. See
Figure7.

Z X

.58 -2.95
-.62 -2.5
-1.97 -2.01
-3.23 -1.52
-4.4 -1.03
-5.56 -.5
-6.28 .018
-6.5 .25
-6.66 .51
-6.74 .765
-6.74 1.01
-6.67 1.26
-6.52 1.52
-6.33 1.76
-6.12 2.
-5.6 2.5
-5.04 2.93

Table A11 Interface shape during melting (SCN9), top-center-plane, (x,z) data in mm at y=2.5mm.

See Figure 8.

Z X

11.10 2.92
10.78 2.50
10.55 2.03
10.40 1.53
10.30 1.00
10.20 .09
10.20 -.09
10.30 -1.00
10.40 -1.53
10.55 -2.03
10.78 -2.50
11.10 -2.92
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TableA12 Interfaceshapeduringmelting (SCN9),topwall, (x,z) datain mm at y=3mm.SeeFig-
ure8.

Z X

11.06 2.92
10.84 2.39
10.68 1.86
10.58 1.35
10.48 .61
10.46 .06
10.46 -.06
10.48 -.61
10.58 -1.35
10.68 -1.86
10.84 -2.39
11.06 -2.92

Table A13 Interface shape during melting (SCN9), mid-center-plane, (y,z) data in mm at x---0. See

Figure 8.

z y
10.46 2.93

10.39 2.71
10.40 2.31
10.47 2.02
10.56 1.80
11.01 1.076
11.36 .657
11.66 .354
11.94 .12
12.52 -.39
12.97 -.83
13.37 -1.20
13.94 -1.696
14.18 -2.07
14.10 -2.38
13.82 -2.65
13.20 -2.854
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